report serves as an update and final report. The focus of our DOE BES funded project is on the importance of heterogeneous reactions in the troposphere. The primary objectives of our study were to: (i) Evaluate the extent to which heterogeneous chemistry affects the photochemical oxidant cycle, particularly, sources and sinks of tropospheric ozone; and (ii) Conduct laboratory studies on heterogeneous reactions involving NO y , O 3 and VOCs on aerosol surfaces. These objectives were pursued through a multidisciplinary approach that combines modeling and laboratory components as discussed in more detail below. In addition, in response to the reconfiguring of the Atmospheric Science Program to focus on aerosol radiative forcing of climate, we also began to investigate the radiative properties of atmospheric aerosol.
Laboratory Studies
We investigated heterogeneous reactions involving ozone, nitrogen oxides and volatile organics on mineral dust and carbonaceous aerosol using a variety of techniques that we have developed over the course of the grant period. In addition to investigating heterogeneous reactions, we begun to measure the optical properties of these tropospheric aerosol so as to further our understanding of the scattering and absorption of aerosol in the context of climate change. Of particular interest here is the relationship between heterogeneous chemistry and changes in the optical properties of mineral dust and carbonaceous aerosol. This helps us understand how aerosol chemistry and climate are interconnected.
Heterogeneous Reactions of O 3 on Mineral Dust
We studied the initial reactive uptake of ozone on several mineral oxides, clays and authentic dust samples. In those studies, a Knudsen cell was used and it was determined that the initial uptake coefficient was 2.0 +/-0.3x10 -4 for alpha-Fe 2 O 3 , 1.2 +/-0.4x 10 -4 for α-Al 2 O 3 , 6.3 +/-0.9 x 10 -5 for SiO 2 and 3 +/-1 x 10 -5 for kaolinite. The γ o,BET for authentic dusts, Saharan sand and China loess was determined to be 6 +/-2 x 10 -5 and 2.7 +/-0.8 x 10 -5 , respectively. It was also shown that after long ozone exposure experiments demonstrated that the mineral oxide surfaces did not passivate, rather they approached non-zero steady-state uptake values, which were lower by approximately 80% from the initial values. However, the mineral oxide powders and dusts exhibited catalytic behavior with the destruction of many more ozone molecules than the total number of surface sites present on the particles. Furthermore, we discussed that the process of ozone adsorption onto mineral oxide surfaces showed a weak temperature dependence, consistent with a low energy of activation.
More recently, we began to consider the effect of coatings on the particle surface. For example, as particles age in the atmosphere they become coated with organic and inorganic coatings. Therefore, laboratory measurements of the reactive uptake on these "clean" powders may be somewhat different from the particles encountered in the atmosphere. In our most recent published study, laboratory experiments were done to simulate changes in the reactivity of mineral dust particles after being processed or aged in the atmosphere. Initial uptake coefficients of ozone on processed and unprocessed dust was measured with a Knudsen cell reactor and the relative reactivities are compared.
In particular, the reactive uptake of ozone with mineral oxide particles that had been pretreated by exposure to nitric acid, sulfur dioxide, and organics are compared to particles that had not been pretreated. In some cases, it was found that the reactivity of ozone with pretreated particles was significantly reduced whereas in other cases the reactivity was enhanced. For example, the reactive uptake of ozone decreased by approximately 70% for α-Al 2 O 3 particles coated with a layer of nitrate from reaction of nitric acid compared to particles that did not have a nitrate coating, whereas pretreatment of α-Al 2 O 3 with sulfur dioxide showed a 33% enhancement toward ozone reactivity. For organic coatings, it was determined that SiO 2 particles functionalized with a C 8 -alkene displayed enhanced reactivity toward ozone by 40% relative to untreated SiO 2 , while SiO 2 particles functionalized with a C 8 -alkane exhibited decreased reactivity by approximately 40% relative to untreated SiO 2 particles. The reaction mechanism of ozone uptake with these particles is attributed to the presence and blocking of particular sites on the particles surface causing both a decrease and increase in the reactivity of the particles. Clearly the interaction of these particles with gases prior to exposure to ozone produces changes in the reactivity of the particles toward ozone. Atmospheric models describing the chemistry of the troposphere should not only take into account heterogeneous reactions of ozone, but also adjust the values used according to the history of the particles. Mineral dusts that have accumulated a coating of nitrate or aliphatic material will affect the ozone less than mineral dusts that have accumulated coatings of sulfite or olefins, and the differences can potentially influence the partitioning of ozone in significant ways.
Another important coating is that of adsorbed water. The Knudsen cell apparatus used in the experiments discussed above were limited to much drier conditions than typically found in the atmosphere. We have begun a series of experiments using an environmental aerosol chamber to investigate the destructive uptake of ozone as a function of relative humidity. Thus far, we have determined that for ozone destruction on iron oxide, the most reactive oxide studied, adsorbed water can influence the rate of ozone destruction. Our studies as well as literature data indicate that water adsorbs onto the most reactive sites on the surface, namely Lewis acid sites. These studies are ongoing and will be completed in the near future.
Heterogeneous Reactions of Organic and Inorganic Acids with Calcium Carbonate as a Function of Relative Humidity: Studies Using Single Particle Analysis and an Environmental Aerosol Chamber
Calcium carbonate is a common component of mineral dust and may in fact be a very reactive component of the aerosol present in the Earth's atmosphere. The heterogeneous chemistry of individual calcium carbonate particles with nitric acid at 293 K has been followed using Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analysis as a function of time and relative humidity (RH). The rate of calcium carbonate to calcium nitrate conversion is significantly enhanced in the presence of water vapor. As discussed in the last report, the SEM images clearly show that solid CaCO 3 particles are converted to spherical droplets as the reaction proceeds. The change in phase of the particles and the significant reactivity of nitric acid and CaCO 3 at low RH is a direct result of the deliquescence of the product, calcium nitrate, below 20% RH. The reaction efficiency is enhanced at higher relative humidity. We have done a series of experiments in the last year at the EMSL at Pacific Northwest National Laboratory on reactions of calcium carbonate with organic acids as well as reaction of authentic dust samples with nitric acid. Reaction of calcium carbonate with acetic acid does not show similar morphology changes as that with nitric acid. This is thought to be due to the fact that calcium acetate undergoes deliquescence at much higher relative humidity. Reaction of four different authentic dust samples from different arid regions around the world shows that the reaction with nitric acid with the carbonate component of the dust reacts in the same way as commercial samples.
Complementary experiments using our environmental aerosol chamber which is able to measure the absorption and scattering properties of tropospheric aerosol over a wide range of wavelengths show that the nitric acid reacted carbonate particles scatter infrared radiation differently from the unreacted particles. The observed changes in the optical properties of the aerosol are consistent with the changes in morphology and chemical composition of the aerosol as it reacts. We have been able to model the absorption and scattering properties of unreacted calcium carbonate as well as the reacted particles using Mie theory. Mie theory does a fairly good job in fitting the experimental data, however we are currently working on using other scattering theories to determine if they provide a better fit the experimental data.
Modeling Analysis
We used these field experiments as a way to evaluate the importance of the new chemistry arising from the laboratory. The high dust environments of Asia provide the best real environment for looking at the role of heterogeneous chemistry. Our recent results are summarized below.
Dust influences on regional gas-phase chemistry can be classified into heterogeneous influences and radiative influences, and both were studied. In our analysis we introduced four heterogeneous reactions involving O 3 , NO 2 , SO 2 and HNO 3 reactions on dusts, with reaction rates determined based on Prof. Grassian's laboratory studies. The C-130 flight 6 was significantly affected by heterogeneous and radiative influences. The O 3 heterogeneous uptake on dust had a significant impact on flight 6, accounting for a 20 ppbv decrease in ozone levels. Only when this reaction was included in the model were we able to represent the observed values. This reaction was shown to cause a broad decrease in background O 3 . In polluted areas, this low O 3 background reduced NO 2 production, but caused NO enhancement. The impact of the O 3 heterogeneous loss on NO 2 was usually stronger than that due to the direct NO 2 reaction on dust. As a result of these reactions HONO levels increased by up to 30% in some polluted areas. The radiative influence of dust on photochemistry was largest for HO x . For ozone, radiative influence of aerosols was large, but the contribution due to dust was not as strong as the influences of the heterogeneous reactions.
The presence of dust was also shown to enhance sulfate production by 10 to 40% in dust rich regions, and to result in an increase in sulfate amount in the coarse fraction.
Reactions involving NO 2 and nitric acid were shown to result in the accumulation of nitrate into the aerosol, and this occurs mainly in the coarse mode (however, appreciable amounts may also appear in the fine mode).
We have extended the analysis using a version of our model that incorporated an on-line, size-resolved, aerosol thermodynamics model (SCAPE-II). This model was used to further study the aerosol ion distributions, and factors that influence the composition-size relationships, in the East Asia outflow during the TRACE-P and ACE-Asia periods.
Results from the model were compared with various observations, and used to study how the inorganic aerosol composition changed as airmasses travel off the continent and out over the western Pacific.
Dust was shown to strongly affect the aerosol ions and their size distributions. Results from this study indicated that dust alters the partitioning of the semi-volatile components between the gas and aerosol phases as well as the size distributions of the secondary aerosol constituents. A main role of dust in the equilibrium process is through the enhancement of the aerosol calcium concentration, which shifts the equilibrium balance to an anion-limited status. This status benefits the uptake of sulfate and nitrate, but repels ammonium. Surface reactions on dust provide an additional mechanism to produce aerosol nitrate and sulfate. The size distribution of dust was shown to be a critical factor.
As much of the dust mass resides in the coarse mode (70-90%), appreciable amounts of sulfate and nitrate are in the super-micron particles. For sulfate the observations and the analysis indicate that 10-30% of sulfate was in the coarse fraction. In the case of nitrate more than 80% was found in the coarse fraction. The strength of dust influence was shown to be determined by its fresh ratio and concentration.
The results of this analysis also point out remaining issues and challenges for the model and measurements. From the modeling perspective the results were found to be very sensitive to the dust mass, its size distribution, assumptions about its extent of equilibrium involvement, and the fraction of the aerosol mass available for reaction.
Estimating dust mass and size distributions using emission models is fraught with uncertainty. Results obtained in ACE-Asia and TRACE-P have allowed for more rigorous evaluation of model prediction of dust, and provided more details into the dust size distribution. As a result we have improved our ability to estimate dust emissions in East Asia; but quantitative, episodic, and predictive capabilities remain a challenge.
The issue of how to characterize the chemically active portion of the aerosol presents a challenge. Our modeling studies suggest that an appreciable fraction of the calcium in the aerosol in the outflow while internally mixed may be chemically in-active. Quantifying the chemical -activity state from the observations is difficult, and can not be determined by composition measurements by themselves. Microscopy and single particle techniques provide important information. At present the information provided from the single particle statistics derived from particle numbers and the model mass-based predicts do not correspond. Our results show how these can be used together to provide useful information and aid in the interpretation, but ways to facilitate more quantitative comparisons need to be found.
These results suggest that present day atmospheric models have substantial interpretive and diagnostic capabilities. However the results presented here also point out that improvement in our predictive capability will require substantial reductions in uncertainties. Continued integration of models and measurements are clearly needed.
More detailed considerations of the possible effects of surface saturation, as well as competition for reactions on other surfaces such as BC need to be considered. These effects, as well as a comprehensive comparison of across the ACE-ASIA measurements are the subjects that we will focus on in 2004. been published and it is anticipated that at least two more will be published from research done at PNNL. We have also continued our collaborations with field experimentalists, specifically teams from the Trace-P, Ace-Asia, and ITCT-2K2. This has lead to focused efforts to interpret measurements from the PILS, AMS, ATOFMS instruments as well as optical measurements of extinction using our model. Numerous papers have been written.
Products
In addition newly established projects associated with the Atmospheric Brown Cloud -Asia study will further integrate our modeling efforts with field experiments focused on aerosol contributions to radiative forcing and climate change. 
